Elevated concentrations of free fatty acids (FFAs), predominantly palmitic, stearic, and oleic acids (PSO), exert detrimental effects on oocyte developmental competence. This study examined the effects of omega-3 alpha-linolenic acid (ALA) during in vitro oocyte maturation (IVM) in the presence of PSO on subsequent embryo development and quality, and the cellular mechanisms that might be involved. Bovine cumulus-oocyte complexes (COCs) were supplemented during IVM with ALA (50 μM), PSO (425 μM), or PSO+ALA. Compared with FFA-free controls (P < 0.05), PSO increased embryo fragmentation and decreased good quality embryos on day 2 postfertilization. Day 7 blastocyst rate was also reduced. Day 8 blastocysts had lower cell counts and higher apoptosis but normal metabolic profile. In the PSO group, cumulus cell (CC) expansion was inhibited with an increased CC apoptosis while COC metabolism was not affected. Mitochondrial inner membrane potential (MMP; JC-1 staining) was reduced in the CCs and oocytes. Heat shock protein 70 (HSP70) but not glucose-regulated protein 78 kDa (GRP78, known as BiP; an endoplasmic reticulum stress marker) was upregulated in the CCs. Higher reactive oxygen species levels (DCHFDA staining) were detected in the oocytes. In contrast, adding ALA in the presence of PSO normalized embryo fragmentation, cleavage, blastocyst rates, and blastocyst quality compared to controls (P > 0.05). Combined treatment with ALA also reduced CC apoptosis, partially recovered CC expansion, abrogated the reduction in MMP in the CCs but not in the oocytes, and reduced BiP and HSP70 expression in CCs, compared with PSO only (P < 0.05). In conclusion, ALA supplementation protected oocyte developmental capacity under lipotoxic conditions mainly by protecting cumulus cell viability. Marei et al., 2017, Vol. 96, No. 6 Summary Sentence Alpha-linolenic acid protects cumulus cell viability and oocyte quality during in vitro maturation under lipotoxic conditions, which results in an improvement of early embryo quality and blastocyst development.
Introduction
Oocyte developmental competence, which is acquired during oocyte growth and maturation in the ovarian follicle, is a key factor that determines female fertility [1, 2] . Maternal nutrition and metabolism are main imposers influencing serum and follicular fluid composition and thus having a direct impact on oocyte quality (for an overview, see [3] ). Metabolic stress conditions, such as negative energy balance (NEB) in high yielding dairy cows, and reduced insulin sensitivity and obesity in humans are associated with upregulated lipolysis [4] [5] [6] [7] . The increase in nonesterified free fatty acid (FFA) concentrations in blood, predominantly saturated (SFA) (palmitic (PA; 16:0), stearic (SA; 18:0)) and monounsaturated (MUFA) (oleic acid (OA; 18:1, n-9)) FAs is a common feature in these cases [7] . Fatty acid availability may also increase due to high-saturated fat diets [8, 9] . In the follicular fluid, PA, SA, and OA constitute about 45% of the total FFA content and may increase or even double in response to increased serum concentrations [4, 7, 10] , which alters the microenvironment in which oocyte growth and maturation takes place.
The concentration of FFAs in the follicular fluid has been postulated as a causative link between maternal metabolic disorders, deteriorated oocyte quality, and reduced fertility [11] . High follicular fluid FFA concentrations in women have been significantly associated with poor quality cumulus-oocyte complexes (COCs), with cumulus cells that fail to expand and oocytes that were arrested at the germinal vesicle stage after hormonal stimulation [12] . Likewise, oocytes collected from cows during NEB also have reduced developmental competence [13] . Similar effects have been demonstratedin vitro; exposure of bovine COCs to pathophysiologically relevant concentrations of PA, SA, and OA during in vitro oocyte maturation (IVM), mimicking the in vivo situation, resulted in lower blastocyst rates [14] . Surviving blastocysts had higher apoptotic cell indices and lower cell numbers [14] . Microarray transcriptional analysis of these embryos also showed carry-over alterations in gene expression related to lipid metabolism, mitochondrial electron transport system, REDOX regulation, and cell death [15] . Alterations in DNA methylation patterns could also be detected in blastocysts derived from FFA-exposed oocytes or embryos [16] . With the increasing prevalence of infertility due to maternal metabolic disorders, alleviating these detrimental effects of lipotoxicity can be considered an important target for fertility treatments in human medicine and can contribute to well-designed management strategies in farm animal settings.
The biological effects of FAs are highly dependent on their chemical structure, degree of saturation, and position of double bonds [17] . Polyunsaturated fatty acids (PUFAs) in the follicular fluid are equally abundant compared to SFA and MUFA concentrations under physiological conditions. However, under deficient diet formulation their concentrations are significantly lowered. For farm animals, dietary omega-3 (n-3) polyunsaturated α-linolenic acid (ALA, 18:3 n-3) is reduced during the wilting process involved in silage making [18] . This is in addition to the process of biohydrogenation of PUFAs in the rumen [19] , which makes ruminants particularly sensitive to such deficiencies. Similarly, malnutrition in humans and low n-3 intake are known to contribute to the pathogenesis of metabolic syndrome in humans [20] . ALA constitutes about 8% of the total FAs in follicular fluid in cows receiving no fat supplements [21] . Dietary supplementation with rumen-protected n-3 fat sources to cows is reflected in the FA profile of plasma and follicular fluid [22] , and was linked to improved fertility in several studies, e.g. [23, 24] . We have previously shown that addition of physiological concentrations of ALA during IVM significantly increased maturation and embryo development rates [25] . These beneficial effects were mediated by molecular changes in cumulus cells including higher intracellular cyclic adenosine monophosphate levels, higher mitogen-activated protein kinase phosphorylation, and increased prostaglandin synthesis, together with maintained mitochondrial functions and lower reactive oxygen species (ROS) accumulation in oocytes [26] . Ultimately, ALA supplementation during oocyte maturation resulted in higher development to blastocyst stage and better quality embryos compared with FA-free controls [25] .
Meanwhile, there are recommendations to substitute dietary saturated fat with unsaturated fat to reduce the risk of developing disorders of the metabolic syndrome in humans [20, 27] . Focusing on the oocyte, the majority of studies investigated the effects of only one specific FFA or one type of FFA (either saturated or unsaturated) on oocyte developmental competence. However, as mentioned above, FAs coexist in the follicular fluid at ratios that are determined by diet composition and/or metabolic status. There is strong evidence in literature demonstrating the ability of PUFAs, particularly n-3, to protect cellular functions under metabolic stress conditions associated with altered FA profiles. For example, high SFAs in human diet were shown to impair endothelial functions, while moderate substitution of SFAs with n-3 docosahexaenoic acid (DHA) could reverse these effects [28] . Similarly, disturbed insulin signaling in the liver of a fat rat model was restored by dietary supplementation of ALA [29] . Therefore, we hypothesized that the addition of ALA to a lipotoxic microenvironment in which oocytes undergo maturation can protect oocyte quality and enhance subsequent embryo development. To test this hypothesis, the aim of this study was to examine the effects of a saturated and monounsaturated FFA mixture (containing elevated pathophysiologically relevant concentrations of PA, SA, and OA) during IVM on oocyte quality in the presence or absence of ALA using bovine COCs. Effects on subsequent embryo development and quality were observed. Furthermore, to investigate the cellular and molecular mechanisms that are involved, we examined cumulus cell viability, mitochondrial activity, endoplasmic reticulum (ER) stress and metabolism, as well as oocyte's oxidative stress levels and mitochondrial activity.
Materials and methods
The biological material used for this study was derived from a licensed slaughterhouse and therefore no ethical approval was required. Chemicals used to prepare embryo culture media were purchased from Life Technologies (Thermo Fisher Scientific, Waltham, USA). Other chemicals were purchased from SigmaAldrich (Bornem, Belgium), unless otherwise stated. All compounds were of analytical grade.
In vitro maturation and supplementation of maturation media with fatty acid treatments Bovine ovaries were obtained from a local abattoir and transported within 2 h of slaughter to the laboratory in sterile saline at about 35
• C. Ovaries were washed once in 70% ethanol and three times in saline containing kanamycin (25 μg/mL). Follicular content was aspirated from antral follicles (3-8 mm in diameter), and immature COCs of grade 1 (with homogenous ooplasm and several compact layers of cumulus cells) were selected in HEPES-buffered TALP media as previously described [14] . Selected COCs were matured in groups of 50 ± 5 COCs in four-well plates containing 500 μl of maturation media per well, unless otherwise stated. Maturation plates were incubated in humidified atmosphere with 5% CO 2 at 38.5
• C for 22 or 24 h according to the outcome measure. Maturation medium consisted of TCM199 supplemented with 0.4 mM L-glutamine, 0.2 mM sodium pyruvate, 0.1 mM cysteamine, 50 mg/mL gentamycin, and 20 ng/mL murine epidermal growth factor [14] and supplemented with 0.75% FA-free bovine serum albumin (BSA) as a carrier for FFAs. Different concentrations of FFAs were then added as explained below. Stock solutions of palmitic (150 mM), stearic (25 mM) and oleic (200 mM) acids (PSO), as well as ALA (100 mM) were prepared in absolute ethanol. Final concentrations of PSO in maturation media (150, 75, and 200 μM, respectively) were determined based on the pathophysiological follicular fluid concentrations previously reported in cows during periods of NEB [4, 14] . Media containing PSO were vigorously shaken and then sterile-filtered (0.22 μm). The final concentration of ALA in maturation medium (50 μM) was determined based on its concentration in the follicular fluid of cows supplemented with dietary rumen protected linseed [22] and as previously validated in vitro [25, 26] . ALA was supplemented either alone or in combination with PSO at the same concentrations mentioned above. All media preparations were sampled and total FFA composition was confirmed by colorimetric assays. Ethanol concentration was leveled in all treatment groups to the highest concentration (0.55%) as in the PSO+ALA group, and equally added to the solvent control group, which was included in all experiments. A solvent-free, FA-free control (control) was additionally included for some outcome parameters when the effect of solvent had not been previously tested in our laboratory.
Determination of cumulus cell expansion and apoptosis
Cumulus cell expansion was evaluated under a stereomicroscope after 24 h of IVM and categorized as not expanded, poorly expanded, partially expanded, or fully expanded as previously described [30] . The proportion of COCs in each category was calculated from the total number of COCs per treatment per replicate. A total of 1529 COCs in six independent replicates were used for assessment of cumulus cell expansion and then further fertilized to examine developmental capacity.
To examine cumulus cell apoptosis, COCs from each treatment in three replicates (n = 105 in total) were fixed on superfrost slides by air-drying followed by 4% paraformaldehyde (30 min) and then washed with phosphate-buffered saline (PBS) before each staining step. COCs were permeabilized by 0.1% Triton X-100 and 0.05% In vitro fertilization and embryo culture Mature COCs were fertilized for 22 h using motile sperms from a proven-fertile bull as described by Leroy et al. [4] following sperm separation on a 45%-90% Percoll gradient. Presumptive zygotes were transferred to HEPES-buffered TALP and vortexed for 3.5 min to remove cumulus cells. Finally, zygotes were cultured in groups of 25 ± 5 in 75 μL serum-free modified synthetic oviductal fluid (mSOF) without oil overlay in a 96-well dish in a humidified incubator containing 90% N 2 , 5% CO 2 , 5% O 2 , 38.5
• C until day 8 postinsemination (p.i.). At 48 h pi, total number of cleaved embryos, twocell embryos, three-cell embryos, fragmented embryos (with three cells or more, and >15% of the cellular mass fragmented), and good quality embryos (four cells or more, with less than 15% fragmentation) were recorded and expressed as proportions from the total number of oocytes. Blastocyst rates (7 and 8 days p.i.) were recorded and expressed as a proportion of total number of oocytes, of cleaved embryos, or of good quality embryos. All morphological assessments were done using an inverted Olympus CKX41 microscope (Olympus, Aartselaar, Belgium). Blastocysts were either fixed on day 8 in 4% paraformaldehyde (30 min) and stored in PBS-PVP for differential staining (three replicates) or were transferred to a single culture to measure their metabolic profile (from day 7 to 8, three replicates) as explained below.
Blastocyst cell numbers and apoptosis
Day 8 blastocysts (n = 229) produced in three replicates were differentially stained to count the cells in the inner cell mass (ICM) and trophectoderm (TE) as well as the apoptotic cells using an immunohistochemical staining method adapted from Wydooghe et al. [31] . Briefly, blastocysts were permeabilized in 0.1% Triton X-100 and 0.05% Tween-20 in PBS at 4 
Assessment of the metabolic profile of blastocysts
Assessment of the metabolic profile of blastocysts was performed over 24 h (from day 7 to day 8) in a medium that resembled mSOF culture medium, "Analysis Medium," which was phenol red-free, lactate-free, and contained 0.5 mM glucose and 0.4 mM sodium pyruvate. On day 7 of culture, blastocysts derived from different treatment groups (n = 189 blastocysts from three independent replicates) were washed and transferred to 8 μl droplets of analysis medium under mineral oil in 60 mm culture dishes. Dishes were equilibrated for at least 2 h at 5% CO 2 and 5% O 2 at 38.5
• C before blastocyst transfer. Blastocysts were transferred using mouth controlled-fine pore glass capillaries to minimize the volume of media transferred with the blastocysts to the droplets. Blastocysts were incubated in the droplets for 24 h and their morphological stage (normal, expanded, or hatched) was recorded at the beginning and end of the incubation period. Three droplets in each dish were kept blank (without a blastocyst) and were used to measure the initial concentration of metabolites in the analysis media. At the end of the incubation time, blastocysts were removed from the droplets. Dishes containing the spent droplets with the oil overlay were then stored at -80
• C until analyses.
Glucose and pyruvate consumption and lactate production by single blastocysts were measured in the spent media droplets by microfluorimetric assays as previously described by Guerif et al. [32] with minor modifications. The assays are based on the generation or consumption of the autofluorescent reduced pyridine nucleotides (NADH or NADPH) in enzymatic reactions. Assay cocktails and standards (six points from 0 to 0.5 mM) for glucose, pyruvate, and lactate were prepared as described earlier [32] . Assays were started by pipetting 10 μl/well of one cocktail to a V-shaped black 96-well plate. Background fluorescence was measured using a Tecan Infinite R M200 spectrophotometer (Tecan Group Ltd, Männedorf, Switzerland) at excitation 340 nm and emission 460 nm, and plates were kept at 4
• C. Then, one μL of the standards, blanks, or test sample droplets were added to their destined wells and mixed by pipetting. Standards and blanks were analyzed in triplicates, while test samples were analyzed in duplicates. Subsequently, assay plates were incubated at 37
• C for 30 min, and the final fluorescence was measured. Standard curves were used to calculate metabolite concentrations in test droplets, and the differences from initial (blank) concentration were used to calculate the consumption or production of each metabolite by each blastocyst expressed as pmol/embryo/hour. The average intra-assay coefficient of variation (CV%) for the glucose, pyruvate, and lactate assays were 7.43, 7.3, and 5.2, respectively, and the interassay CV% were 4.48, 5.98, and 3.91 respectively.
Assessment of mitochondrial membrane potential in cumulus cells and oocytes
Mitochondrial inner membrane potential (MMP) was estimated using 5,5', 6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolyl-carbocyanine iodide (JC-1) staining (Invitrogen, Thermo Fisher Scientific) [33] . JC-1 undergo an MMP-dependent accumulation in mitochondria that results in a shift in the fluorescence emission from green (∼525 nm, inactive) to orange-red (∼590 nm, active) due to the aggregation of red fluorescent J-aggregates in the mitochondria with high MMP [34] . At 22 h of maturation, COCs were partially denuded by repeated pipetting, or completely denuded by vortexing (2 min) in HEPES-buffered maturation media (H-TCM), and then incubated for 15 min at 37
• C in the dark in 10 μg/mL JC-1 and 30 μg/mL Hoechst prepared in maturation media. Denuded and partially denuded oocytes were washed twice in H-TCM, and loaded on a glass slide and covered with a coverslip with a silicon drop at each corner to avoid compression of the oocyte. Oocytes were then examined immediately under an Ultraview Vox Spinning Disk Confocal Microscope (PerkinElmer, Waltham, MA, USA) equipped with DPSS lasers 405, 488, and 561 using band pass filter sets 415-475 (for the Hoechst), 500-525 (to visualize JC-1 monomers; green), and 580-650 (for J-aggregates; orangered), respectively. The microscope was surrounded by a warm humid chamber at 37
• C supplied with 5% CO 2 . Z-stack images of 30 μm with 2 μm z-steps were acquired from semidenuded oocytes (n = 136 from three replicates) and used to quantify mitochondrial MMP in cumulus cells. Z-stacks of 10 μm with 2 μm z-steps at the pericortical region were taken from the denuded oocytes and used to quantify the MMP in oocytes (n = 198 from three replicates). The images were acquired using Volocity 3D Image Analysis Software 6.3 (PerkinElmer) and analyzed as previously described [35] using the ImageJ software 1.41o (National Institutes of Health, Bethesda, MD, USA) in free-hand area selections of the cumulus cells surrounding the oocyte, or elliptical area selections of oocytes excluding the zona pellucida. MMP was expressed as the percentage of the red pixels over of the total red and green pixels.
Determination of H 2 O 2 levels in oocytes
The intracellular content of hydrogen peroxide (H 2 O 2 ) was estimated in the oocytes using 2',7'-dichlorodihydro-fluorescein diacetate (DCHFDA) fluorescence assay as described by Marei et al. [26] . The staining intensity within the oocyte is related linearly to that of the peroxides present [36] . COCs (n = 144 from three replicates) were removed at 24 h of maturation and denuded of cumulus cells by vortexing for 3 min in HEPES-TALP. Oocytes were then washed and incubated in maturation media containing 10 μM DCHFDA for 30 min at 37
• C in the dark. The oocytes were then washed twice in PBS-PVP and loaded individually on a glass slide in 5 μl droplets without cover to be visualized immediately under a fluorescence Olympus microscope IX71 (Olympus, at excitation 460-490 nm and emission 520-540 nm using a fixed gain and exposure setting. Grayscale images (8 bit) were acquired and used to quantify the average pixel intensity within the oocyte using the ImageJ software.
Assessment of the metabolic profile of cumulus-oocyte complexes
Assessment of glucose and pyruvate consumption and lactate production by single COCs was performed as explained above for blastocysts. Maturation media containing different FFA treatments were used as analysis media. These media contain 5.5 mM glucose and 0.2 mM pyruvate and 0 mM lactate. Analysis droplets (10 μl) were prepared under oil in 60 mm plates. After equilibration, selected immature grade-1 COCs were transferred using glass capillaries in Downloaded from https://academic.oup.com/biolreprod/article-abstract/96/6/1181/3831282 by OUP site access user on 15 October 2018 minimum volume and incubated singly for 24 h. An image was captured at the start of incubation time (0 h) to measure the area of each COC. This was used to calculate a correction factor for each COC (area of COC/average area of all COCs) which was used to normalize consumption and production measurements. Metabolite concentrations were analyzed as described above for blastocysts using standard curves between 0 and 6 mM for glucose and lactate, and between 0 and 0.5 mM for pyruvate. Data were expressed as pmol/COC/hour, and a total of 260 COCs in three replicates were used for this assessment. The average intra-assay CV% for the glucose, pyruvate, and lactate assays were 5.83, 5.4, and 2.9, and the interassay CV% were 5.13, 4.01, and 4.44 respectively.
Western blotting of cellular and endoplasmic stress markers
Groups of 50 COCs were matured in control, solvent control, ALA, PSO, and PSO+ALA conditions as explained above. At 24 h of IVM, COCs were washed three times in droplets of PBS-PVP. For each group, cumulus cells were separated by repeated pipetting in a 100 μl drop of PBS-PVP. Oocytes were removed and each drop containing cumulus cells was transferred to a 1.5 mL microcentrifuge tube, centrifuged at 2500 rpm for 10 min at 4
• C. Cell pellet was washed twice using ice cold PBS and then snap-frozen in minimum volume at -80 • C. Protein extraction, sodium dodecyl sulfate polyacrylamide gel electrophoresis, and western blotting were then performed as previously described [25] . Protein concentration was determined using a nano-drop spectrophotometer (Thermo Fisher Scientific) and 50 μg of total protein were loaded for each sample. A standard molecular weight marker (Precision Plus Protein, Bio-Rad laboratories, Temse, Belgium) was loaded on each gel in the first and last lane. After transfer, membranes were cut horizontally at 50 kDa. Following blocking in 10% skimmed milk solution in Tween Tris-buffered saline [25] , the upper part of the membrane was incubated with a mixture of rabbit anti-heat shock protein 70 (HSP70, 72-73 kDa) and rabbit anti-BiP (78 kDa, also known as heat shock 70 kDa protein family A member 5 (HSPA5) or glucose-regulated protein (GRP78)), which are markers of cellular stress and ER stress, respectively (1:200 each, Cell Signaling Technology, supplementary Table S1 ). The lower part of each membrane was incubated with a rabbit anti-β-Actin antibody (45 kDa, 1:200, Cell Signaling). Membranes were kept in primary antibody solutions overnight at 4
• C and then washed and incubated in secondary HRP-conjugated antirabbit (Cell Signaling) for 30 min. Blots were visualized using SuperSignal (Thermo Fisher Scientific) and images were acquired using a Bio-Rad Gel Doc XR System (Bio-Rad). Densitometric quantification of the immunoreactive bands was carried out using Image Lab 5.2.1 software (Bio-Rad). Band intensities of HSP70 and BiP were normalized using the corresponding β-actin band intensity within each sample. Data were acquired from six replicates.
Statistical analyses
All statistical procedures were carried out with IBM SPSS Statistics 23 (for Windows, Chicago, IL, USA). Developmental competence data were analyzed using a binary logistic regression model. Numerical data were analyzed using a mixed model ANOVA. In all analyses, replicates, treatments, and their interactions were taken into account. The interactions had no significant effects and were omitted from the models. A Bonferroni post hoc test was performed to correct for multiple comparisons. Data that failed the test for homogeneity of variance (HSP70 and apoptotic indices) were analyzed using the nonparametric independent sample Kruskal-Wallis test, followed by multiple Mann-Whitney tests and correction of P values for multiple comparisons. Differences with P-values ≤ 0.05 were considered significant and those >0.05 and ≤0.1 were reported as tendencies. Data are expressed as means ± SEM.
Results

Embryo development and quality
Exposure of COCs to PSO during maturation did not influence total cleavage rate (P > 0.1) but significantly increased embryo fragmentation leading to lower proportions of good quality embryos at 48 h p.i. (Table 1 ). Lower blastocyst rates were also observed on day 7 in the PSO group, calculated either from total number of oocytes, cleaved embryos, or good quality embryos. Combined treatment with PSO+ALA or with ALA only resulted in cleavage, fragmentation, and day 7 blastocyst rates that were similar to the solvent control (P > 0.1). By day 8, blastocyst rates were statistically similar among all treatment groups. The percentage of blastocysts that hatched on day 8 was not affected by any of the treatments.
Blastocyst cell numbers and apoptosis
Total cell counts were significantly reduced in blastocysts derived from PSO-exposed COCs compared with solvent control (P < 0.01; Figure 1 ). This involved reduction in the number of TE cells (P < 0.01) and ICM (P = 0.06). Exposure to ALA only did not influence cell numbers in the blastocysts, whereas treatment of COCs with PSO+ALA produced blastocysts with cell numbers that were similar to the solvent control and ALA only (P > 0.6). Moreover, apoptotic cell indices were significantly higher in blastocysts derived from PSO-exposed COCs, where more TE and ICM cells were found to be positive to cleaved CASP3 immunostaining compared with solvent control, ALA and PSO+ALA groups ( Table 2) .
Blastocyst metabolism
Blastocysts derived from COCs matured in the presence or absence of PSO, ALA, or a combination of both were transferred on day 7 to single culture in microdroplets to measure their glucose and pyruvate consumption and lactate production during 24 h. Regardless of the treatments, the metabolic profiles were dependent on the morphological stage of the blastocyst. For normal, expanded, and hatched blastocysts, glucose consumption was 22.6 ± 2.7, 30.4 ± 1.5, and 55.4 ± 8.3 pmol/embryo/hour; pyruvate consumption was 23.4 ± 4.9, 32.6 ± 2.5, and 43.9 ± 6.7 pmol/embryo/hour; and lactate production was 17.4 ± 2.2, 27.7 ± 1.9, and 41.8 ± 8 pmol/embryo/hour, respectively. The average glucose and pyruvate consumption and lactate production were similar among treatment groups (P > 0.1, Table 3 ). Data analysis within each blastocysts' morphological stage also showed no treatment effect on blastocyst metabolism (data not shown). The percentage of blastocysts that grew from one morphological stage to the next during the 24 h of single culture was similar among treatment groups.
Cumulus cell expansion and apoptosis
Exposure of bovine COCs to elevated levels of PSO during maturation inhibited cumulus cell expansion in the majority of COCs. More partial, poor, or not expanded COCs were observed compared with solvent control where the majority of COCs were fully expanded (P < 0.05) (Figure 2A ). The percentage of fully expanded COCs was also lower in PSO+ALA group compared to solvent control but was significantly higher than PSO group. PSO+ALA group also had a reduced percentage of COCs with partial, poor, or no expansion compared with the PSO group (P < 0.05). Supplementation of ALA alone did not influence cumulus cell expansion compared to control (P > 0.1).
Immunostaining of COCs with anti-cleaved CASP3 antibody showed that apoptosis in cumulus cells was significantly increased in PSO-treated COCs (P < 0.05), but not in the presence of PSO+ALA or ALA only (P > 0.1), compared with solvent control ( Figure 2B ).
Metabolism of cumulus-oocyte complexes
Cumulus-oocyte complexes utilized glucose with an average consumption of 1503 ± 44.8 pmol/COC/hour. In contrast, pyruvate concentrations in the spent media at the end of maturation were equal to the starting concentration. Most of the consumed glucose resulted in lactate production, with an average of 2335 ± 66.9 pmol/COC/hour and an average lactate:2×glucose ratio of 0.85 ± 0.02. These figures were similar among different treatment groups (P > 0.1) as shown in Table 4 . 
Intracellular reactive oxygen species in oocytes
Exposure of COCs to elevated concentrations of PSO during maturation resulted in an accumulation of ROS in the oocytes as detected by the increased integrated staining density of DCHFDA. The increase in ROS accumulation was limited when COCs were treated with PSO+ALA and was statistically similar to control and solvent control ( Figure 3 ).
Mitochondrial activity in oocytes and cumulus cells
Mitochondrial inner membrane potential in cumulus cells ( Figure 4 ) and denuded oocytes ( Figure 5 ) were estimated using JC-1 staining of partially denuded COCs. Quantification of red pixel intensity of J-aggregates in the area of cumulus cells suggested that the cumulus cells in the PSO-treated COCs had reduced MMP compared with controls (P < 0.05). In contrast, MMP in cumulus cells treated with PSO+ALA was similar to controls and solvent controls (P > 0.1). Highest J-aggregate intensity in cumulus cells was observed in COCs treated with ALA only, which was significantly higher than control (P < 0.05) and similar to solvent control (P > 0.1) ( Figure 6A ). Within the oocyte, treatment with PSO significantly reduced MMP either in the presence or absence of ALA (P < 0.05) ( Figure 6B ). On the other hand, exposure to ALA only did not have any significant influence on mitochondrial activity (P > 0.1).
Cellular stress markers
Cellular stress markers were examined in cumulus cells derived from COCs treated with or without PSO and/or ALA. Western blotting using antibodies against HSP70 and BiP ( Figure 7 ) revealed that treatment with PSO significantly upregulated HSP70 expression in cumulus cells compared with solvent control (P < 0.05) and control (P = 0.075). The expression of HSP70 was lower in cumulus cells supplemented with ALA either alone or in combination with PSO compared with the PSO group (P < 0.05). The expression of BiP in PSO group was not significantly different compared to both controls but was significantly higher than ALA and PSO+ALA groups (P < 0.05).
Discussion
Several beneficial effects of omega-3 (n-3) PUFAs on degenerative and inflammatory diseases that are associated with cellular lipotoxicity have been described [37] , suggesting that they may have a protective effect on oocyte quality under lipolytic conditions. Oocyte maturation is a very critical event during which oocyte developmental capacity is acquired [38] and was shown to be very sensitive to elevated FFA concentrations, ultimately leading to lipotoxicity [3, [39] [40] [41] . The aim of this study was to examine if the lipotoxic effects of FFAs (PA, SA, and OA: PSO) on oocyte developmental capacity in vitro can be alleviated in the presence of a physiological concentration of ALA. Data obtained from the first experiment showed that exposure of COCs during IVM to elevated concentrations of PSO reduced the proportions of good quality embryos (containing four cells or more) at 48 h postfertilization and increased the incidence of embryo fragmentation. Total cleavage rate was not affected by PSO treatment, thus implying normal fertilization rates. This suggests reduced intrinsic quality of the exposed oocytes, which is further substantiated by lower blastocyst rates on day 7 either calculated as a percentage of total number of oocytes, cleaved embryos, or even from morphologically good quality ≥4-cell embryos. PSO-derived blastocysts appeared to be slower in development since the reduction in blastocysts rate was diminished by day 8. These blastocysts contained less total and TE cells, tended to have less ICM, and had higher apoptotic cell indices compared with those in the control group. These harmful effects of PSO on oocyte developmental potential have been previously reported [14, 39] . No differences in blastocyst metabolism could be detected here and in another recent study from our laboratory [42] , which is not in line with our previous observations in which serum was used during embryo culture [14] . Interestingly, addition of ALA in the presence of PSO during maturation reduced embryo fragmentation, increased blastocyst rates, and resulted in blastocysts that were similar in cell numbers and apoptotic cell indices compared to control. To find out how these beneficial protective effects of ALA on embryo development and quality were mediated, further experiments were performed.
Obese mouse models show that oxidative stress is a common cause of cellular defects that accompany metabolic stress conditions [43, 44] . SFAs (particularly PAs) are known to exert a lipotoxic effect on various cell types, which is mainly initiated by lipid accumulation and increased total and mitochondrial ROS [45] leading to oxidative stress, apoptosis, and cellular damage. These effects are closely related to alterations in FA metabolism. In oocytes, FA β-oxidation (FAO) is a key source of energy for oocyte maturation and early embryo development [46] . In addition, FAO in cumulus cells provides crucial support during oocyte maturation [47, 48] . However, pathological concentrations of FFAs result in excessive nutritional overload due to intracellular lipid accumulation that was shown to impair lipid metabolism [49] . Cumulus cells appear to be more prone to these changes in their microenvironment, where accumulation of lipid droplets was associated with mitochondrial membrane damage and oxidative stress, while relatively protecting the enclosed oocyte [50] .
In this study, exposure to PSO significantly reduced MMP in both cumulus cells and oocytes, and increased ROS concentrations in the oocytes. Interestingly, addition of ALA protected MMP in cumulus cells but not in the oocytes, while ROS levels in the oocytes were relatively low and similar to those in the control group. Similarly, high-fat diet-induced maternal obesity in mice resulted in structural defects in the mitochondria in both cumulus cells and oocytes [51] , and in vitro treatment with PA reduced MMP in murine oocytes [52] . The relationship between mitochondrial activity and intracellular ROS levels is complex and sometimes perplexing; ROS are mainly produced as a result of mitochondrial activity; thus, an increase in MMP is expected to increase ROS levels, and vice versa. However, it was recently postulated that stressed mitochondria exhibit diminished energetic performance (i.e. low MMP) and increased ROS release [53] , which is in line with the PSO effects in oocytes reported here. A similar effect was reported for n-6 FFA-treated bovine oocytes [26] . Palmitic acid inhibits MMP by inducing mitochondrial uncoupling in several cell types [54] [55] [56] [57] . Simultaneously, palmitoyl CoA could promote ROS formation through mechanisms that are independent from β-oxidation such as inhibition of adenine nucleotide translocator (a regulator of mitochondrial permeability transition pore) [58, see [59] for a review]. These mechanisms have not been tested in oocytes; however, they may explain the reduced MMP and elevated ROS levels in the PSO-treated oocytes. In contrast, it was shown earlier that n-3 PUFA supplementation could protect or restore mitochondrial functions e.g. against chemically induced myocardial injury and neurodegenerative diseases in animal models [60] [61] [62] . Here, ALA protected MMP in cumulus cells. Unlike palmitoyl CoA, long-chain FAs such as ALA form acyl-CoAs that do not have uncoupling or inhibitory effects on MMP [63] . Moreover, n-3 FAs are known to increase FA oxidation by activating peroxisome proliferator-activated receptors [64] , which may be a reason for the increased MMP in cumulus cells observed in the ALA group. In addition, oxidation of FAs by mitochondria, such as carnitine esters of long-chain FAs, does not lead to high ROS generation (that is normally associated with reverse electron transfer [65] ) although it produces high MMP [65] .
In contrast to the protective effect of ALA on MMP in PSOexposed cumulus cells, MMP in the oocytes was reduced by PSO even in the presence of ALA. It was previously reported that the proportion of SFAs in oocytes was significantly higher than in granulosa cells or in the plasma, suggesting that oocytes may have a preferential uptake of SFAs [66] [67] [68] . Moreover, supplementation of ALA during maturation of bovine COCs did not alter mitochondrial distribution, perinuclear cluster formation, and MMP in the oocytes [26] . This suggests that the beneficial effects on ROS levels in oocytes and further embryo development in the PSO+ALA group are mainly mediated via enhancement of cumulus cell functions.
Reduced mitochondrial activity within the oocytes plays a central role in the pathogenesis of infertility associated with metabolic stress. For example, embryo fragmentation can be a lethal developmental dysfunction in embryos and has been postulated to be mitochondrial in origin [69] . Fragmented embryos have been shown to exhibit a lower MMP and altered expression levels of genes involved in the oxidative phosphorylation (OXPHOS) and mitochondrial dynamics [70] . This may suggest that the reduced MMP detected in PSOtreated oocytes is the cause for the increased fragmentation during embryo cleavage. Although treatment with ALA did not significantly enhance the MMP in the oocytes, the ROS levels were lower, suggesting that the intracellular stress levels in oocytes were reduced. This may explain the lower fragmentation rates and the better embryo development. Moreover, ALA improved mitochondrial activity in cumulus cells that were exposed to PSO. Several candidate genes in cumulus cells that are involved in mitochondrial biogenesis and regulation of cell stress have been correlated to embryo quality parameters observed by time-lapse follow-up [71] . Also it was noticed that mitochondrial DNA copy numbers in cumulus cells of human COCs were found to be a strong predictor of embryo quality after in vitro fertilization (IVF) [72] . This observation supports the notion that the enhancement of mitochondrial functions in cumulus cells in the PSO+ALA group can be linked to the improvement in embryo development obtained later. Endoplasmic reticulum stress is also gaining an increasing attention as an important marker of cellular stress associated with obesity and metabolic disorders [73] . Oxidative stress causes misfolding during protein synthesis in the ER, which elicits an unfolded protein response (UPR ER ). This signaling upregulates nuclear chaperon expression (such as HSP70) and controls ROS levels [74, 75] . Palmitic acid-induced lipotoxic effects have been shown to be mediated by ER stress in many cell types [76, 77] . In addition, the negative effect of maternal obesity on mouse oocyte maturation and early embryo development has been linked with ER stress [78] . Here, we show evidence that PSO-exposed COCs suffer from high levels of cellular stress, in the form of significantly upregulated HSP70 expression in cumulus cells compared with controls, although BiP expression (a marker for ER stress [79] ) was not significantly increased. Combined treatment with ALA resulted in a significant decrease in both HSP70 and BiP expression, indicating reduction in cellular and ER stress levels. A more pronounced effect of PSO on ER stress in bovine COCs has been recently reported, where exposure to elevated pathophysiological concentrations of PSO during maturation induced ER stress in whole COCs (detected by different markers; Atf4 and Hspa5), which negatively affected total and hatched blastocyst yields [80] . These effects were alleviated by co-treatment with an ER stress inhibitor, salubrinal [80] . Similarly, addition of lipid-rich human follicular fluid during IVM of mouse oocytes increased their lipid content, induced ER stress markers, and impaired oocyte nuclear maturation compared with lipid-poor follicular fluid [81] . Moreover, PA-induced ER stress in murine COCs resulted in slower development to the blastocyst stage [52] , which is also a feature that was noticed in this study.
In contrast, n-3 FAs have been described for their antiinflammatory effects, which could be explained by modulating ER homeostasis [82, 83] . Among various ER stress inducing agents, only PA-mediated ER stress was particularly responsive to n-3 DHA in monocytes [82] . ALA was shown to be protective against ER stress and apoptosis induced by SA or PA lipotoxicity in hepatocytes in vitro [84, 85] . This is in line with the effect of ALA reported here and highlights an additional effective mechanism by which ALA can enhance oocyte developmental competence under metabolic stress conditions. Consequently, with the deteriorated MMP and upregulated cellular stress, PSO significantly increased cumulus cell apoptosis (to >40%) as assessed by active CASP3 immunostaining compared with standard and solvent controls. In healthy COCs, apoptosis in cumulus cells normally does not exceed 15% [86] . Similarly, SA and PA were previously shown to cause cumulus cell apoptosis in bovine COCs [4, 50] . The PA-induced apoptosis in bovine COCs was suggested to be mediated via incorporation of FFAs in cumulus cells mainly as triglycerides and accumulation of lipid droplets, which is associated with ceramide formation that initiates apoptosis [50] . In contrast, the effect of PSO on cumulus cells apoptosis was completely abrogated in the presence of ALA. Omega-3 FA effects on cellular apoptosis appear to vary, as they were reported to induce apoptosis in some cell studies [87] [88] [89] and inhibit apoptosis in others [90, 91] . However, it was proposed that enhancement of Erk1/2 and Akt phosphorylation levels by n-3 FAs may mediate their inhibitory effects against apoptosis [90] . We have previously shown that ALA supplementation to bovine COCs during maturation significantly increases Erk1/2 phosphorylation, which was associated with improved nuclear maturation and embryo development [25] suggesting a similar mechanism of action to be involved in reducing cellular apoptosis in the presence of PSO.
In addition, exposure to PSO partially inhibited cumulus cell expansion which is another indication for reduced cumulus cell viability and altered metabolism. Reduction in cumulus cell expansion was previously reported in bovine COCs exposed to SA [4] and in human COCs collected from follicles with high FFA concentrations that were predominantly rich in SFAs [12] . Synthesis of hyaluronan (HA) during expansion was shown to be essential for oocyte maturation and for further embryo development of bovine oocytes [92] . In this study, the reduction in cumulus cells expansion may be a consequence of the oxidative stress and a prioritized direction of the utilized glucose away from the hexosamine pathway (via which HA is synthesized), perhaps toward the pentose phosphate pathway where anti-oxidative molecules such as NADPH are produced. In contrast, cumulus cell expansion was better in COCs treated with PSO in the presence of ALA, which is also in line with the reduced CASP3 activation, together indicating a better cumulus cell viability and functions. Cumulus cell expansion in in vivo matured bovine COCs was shown to be predictive for blastocyst production with a positive predictive value of 49% and a negative predictive value of 100% [93] . Thus, the alteration in cumulus cell expansion in response to PSO and ALA can be directly linked with the subsequent effect on embryo development.
Despite the deteriorated MMP and cellular stress levels, and the initiation of apoptosis via CASP3 activation in PSO-treated COCs, glucose consumption and lactate production by COCs were not affected by any of the treatments. However, it is important to notice that the metabolic activity is an accumulative measure over a 24 h timespan, while apoptosis and other parameters were determined as a snapshot at the end of the maturation time, and thus are not necessarily reflected in the metabolic activity within this timeframe.
In conclusion, we show evidence that supplementation with ALA protected the oocytes during maturation under lipotoxic conditions and improved their developmental competence. This was mainly mediated by protection of cumulus cell mitochondrial activity, reduction of their cellular and ER stress levels, and prevention of apoptosis. This was also associated with lower ROS accumulation in the oocytes, and led to faster development to the blastocyst stage and better embryo quality. Ongoing research investigates whether dietary supplementation with ALA in cows might be a promising strategy to resolve subfertility problems that are associated with reduced oocyte quality due to metabolic disorders associated with upregulated lipolysis.
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